Thermoelectric materials, which can convert waste heat into electricity, have received increasing research interest in recent years. This paper describes the recent progress in thermoelectric nanocomposites based on solution-synthesized nanoheterostructures. We start our discussion with the strategies of improving the power factor of a given material by using nanoheterostructures. Then we discuss the methods of decreasing thermal conductivity. Finally, we highlight a way of decoupling power factor and thermal conductivity, namely, incorporating phase-transition materials into a nanowire heterostructure. We have explored the lead telluride-copper telluride thermoelectric nanowire heterostructure in this work. Future possible ways to improve the figure of merit are discussed at the end of this paper.
Introduction
As more than half of the world's energy consumption is wasted as low-grade heat, thermoelectric materials have attracted tremendous interest of researchers during the last two decades owing to their quietness and portability, as well as low efficiency [1] . The heat recovery efficiency of thermoelectric materials is determined by the dimensionless figure of merit, ZT = S 2 σT/κ. To enable the use of thermoelectrics in practical applications, several strategies have been developed recently. First, carrier concentration [2] is found to be crucial to tune the peak temperature and the maximum value of power factor (S Nano Res. 2017, 10(5): 1498-1509 understanding of their atomic and electronic structures. Nanostructuring and nanoprecipitation will further decrease the value of κ [11] [12] [13] , owing to the intensified scattering of phonons across the grain boundary.
Recent progress in thermoelectric materials is attributed to the decreased thermal conductivity realized by applying nanostructured materials [4] . Solution synthesis is becoming a promising alternative to produce thermoelectric nanomaterials because of the low cost and precise size control [14, 15] achieved. However, a lower limit of the lattice thermal conductivity does exist. Therefore, new progress must come from improving the power factor. One crucial way to achieve a higher power factor is by the adjustment of carrier concentration. However, owing to the selfpurification mechanism [16, 17] , controlling charge carrier concentration by doping in semiconductor nanocrystals is difficult. Nanoheterostructure (NHS) materials can fill this gap because of their tunable electrical properties such as the energy-filtering effect. An NHS material, combing multiple components in one nanoparticle [18] , enables the fine-tuning of the composition, grain microstructure (e.g., size, twinning, misfit, dislocation) and the solid-solid interface. Generally speaking, three types of NHSs exist: (1) heterostructures with core/shell geometries; (2) oligomer-like architectures based on isotropic material seeds; and (3) heterostructures based on anisotropically shaped material domains. The growth mechanisms include surface growth, surface growth and diffusion, simultaneous nucleation and growth of both components, etc. Detailed synthesis and growth mechanisms for colloidal NHS materials can be found in Ref. [18] . Further applications for NHS have been summarized by Banin [19, 20] and Cozzoli [21] . Usually, heterogeneous nucleation and growth are necessary. Solution-phase synthesis is a scalable and efficient way to produce NHSs, although gasphase synthesis also can yield high-quality NHSs in a smaller quantity. A variety of NHSs have been developed by solution synthesis, especially for those based on metal chalcogenides, which are the dominating compounds in thermoelectrics.
The structural variability of an NHS will provide many opportunities in modifying its thermoelectric property. Composition tunability of the NHSs should allow for carrier concentration modulation. The solid-solid interface across the subunits can induce an energy-filtering effect of the electronic carrier and simultaneously enhance the scattering of phonon carriers. Grain microstructure can further diminish the thermal transport and improve the figure of merit. Albeit for the aforementioned advantages, NHSs have been seldom used in thermoelectrics. In this review article, we will discuss the existing and promising applications of NHSs in thermoelectrics. The discussion is categorized according to the mechanism that enhances the thermoelectric performance.
2 Tuning the power factor (S 2 σ)
Tuning the carrier concentration n
As a multicomponent material, one unit of the NHS may be dissolved into the other, depending on the solubility at high temperatures. . A too low carrier concentration will lead to a too large Seebeck coefficient, according to the Pisarenko relationship [2] , but a too low electrical conductivity. This is the behavior of an insulator or a wide-band-gap semiconductor. A too high carrier concentration will induce a too low Seebeck coefficient although the electrical conductivity is high. This indicates metal-like or degenerate-semiconductor electron transport. Usually, a good thermoelectric material is based on a narrow-band-gap (E g ≈ 0.1-1.0 eV) semiconductor, such as Bi 2 Te 3 (0.15 eV), PbTe (0.31 eV), and SnSe (0.9 eV) [8] . Using the NHS, one major component forms the matrix material, while the other component can be dissolved into the matrix and act as dopant upon the high-temperature processing. Yan et al. synthesized PbTe-PtTe 2 NHS in the solution phase [22] . They characterized the product using X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission electron Nano Res. 2017, 10(5): 1498-1509 microscopy (TEM) (Fig. 1) . XRD indicated that both PbTe and PtTe 2 exist in the product. TEM revealed that the NHS is composed of 5-12 nm PbTe grains and 5 nm × 10 nm PtTe 2 nanorods ( Fig. 1(d) ). They tuned the portion of PtTe 2 by tuning the feed ratio between Pb and Pt. The measured carrier concentration showed monotonic change with respect to the molar ratio of Pb:Pt. Pt acted as an n-type donor. As the portion of Pt increased, the electron concentration increased ( Fig. 1(g) ). The undoped PbTe was p-type with a very low n = 7 × 10 17 cm −3 . The 23 at.% Pt-doped sample showed an n-type transport with an electron concentration of 3 × 10 19 cm −3 . For the 50 at.% Pt-doped sample, the electron concentration was 9 × 10 20 cm −3 . The increased doping also led to enhanced electrical conductivity ( Fig. 1(f) ). The Seebeck coefficient of the undoped PbTe was positive, agreeing well with the carrier concentration measurement and the absolute values were large due to the small hole concentration ( Fig. 1(h) ). This Seebeck value is also higher than that of bulk p-type PbTe with a similar value of carrier concentration [23] , owing to the quantum size effect. Meanwhile, the Pt-doped samples showed smaller values of Seebeck coefficients and the absolute Seebeck coefficients increased with ascending temperature ( Fig. 1(h) ), indicating a degenerate semiconductor behavior. Compared to bulk n-type PbTe with similar charge carrier concentrations [24] , the Seebeck coefficient of 23 at.% and 50 at.% Pt-doped samples are 50%-100% higher than bulk PbTe, which benefit from the mixed-phase samples. At the same time, the electrical conductivity can be tuned by changing the ratio of PbTe to PtTe 2 . Finally, the appropriately doped PbTe samples exhibited a higher power factor (S 2 σ) than the undoped PbTe ( Fig. 1(i) ), by two orders of magnitude. This work illustrated the importance of tuning the carrier concentration in an NHS-based thermoelectric material.
Tuning the Seebeck coefficient (S) through minority carrier blocking
Another way to optimize the power factor is the energy-filtering effect, which can increase the Seebeck coefficient while maintaining the same carrier concentration. Unwanted bipolar transport can also be inhibited by selectively blocking the minority carrier transport. Recently, our group had demonstrated this effect using a PbTe-Ag 2 Te-PbTe NHS as an example Nano Res. 2017, 10(5): 1498-1509 [5] . This NHS was synthesized based on a three-step strategy that had been previously developed by our group (Fig. 2(a) ). A Te nanowire, PbTe-Te-PbTe NHS, and PbTe-Ag 2 Te-PbTe NHS were the products in each step respectively and they were unequivocally characterized by XRD, SEM, and TEM (Figs. 2(b)-2(h)). The proposed band alignment ( Fig. 2(n) ) indicated that the electrons (minority carriers) were more strongly blocked than the holes (majority carrier), due to the different interfacial energy barrier of the valence band maximum and conduction band minimum. The increasing trend of the Seebeck coefficient could be attributed to the diminished negative contribution from minority carriers, as S is expressed by
in which the minority carrier (electron) contributes negatively. Although the total electrical conductivity was impaired since both the electrical transports of electron and hole were scattered, the overall power factor could be enhanced because it was proportional to S 2 and σ
1
. A more accurate understanding could be obtained through the Boltzmann transport equation (BTE). Comparing the BTE modeling with the experimental result, we found that the single Ag 2 Te nanowire, without any interfacial energy barrier from PbTe, showed the highest electrical conductivity ( Fig. 2(i) , red line). With either the hole (majority charge carrier, cyan line in Fig. 2(i) ) or electron (minority carrier, pink line in Fig. 2(i) ) barrier, the electrical conductivity would be slightly deteriorated. With both barriers, the lowest electrical conductivity could be simulated, agreeing well with the experiment (blue line, Fig. 2(i) ). In contrast, when only the minority carrier was blocked (pink line, Fig. 2(j) ), the Seebeck coefficient should have the largest value. If only the major carrier was blocked (cyan line, Fig. 2 (j)), the Seebeck coefficient would be the lowest. In the case Fig. 2(j) ), a moderate Seebeck coefficient could be obtained. In the PbTe-Ag 2 Te-PbTe NHS (blue line, Fig. 2(j) ), blocking of minority carriers was stronger than that of majority carriers; hence, the NHS possessed a second-best Seebeck coefficient. Then the power factor of the PbTe-Ag 2 Te-PbTe NHS was larger than that of the pure Ag 2 Te nanowire ( Fig. 2(k) ). Together with the lower thermal conductivity that arises from the enhanced phonon scattering through nanoinclusion of PbTe (Fig. 2(l) ), the ZT value (0.66 at 390 K) obtained in the PbTe-Ag 2 Te-PbTe NHS was largely improved, as compared to that of Ag 2 Te (Fig. 2(m) ). More importantly, we notice that the ZT value of this PbTe-Ag 2 Te-PbTe NHS is higher than that of bulk PbTe-Ag 2 Te-PbTe samples [25] with the same atomic ratio at low temperatures (from 300 to 400 K).
Similar effects were also found in the ). This corresponded well with the enhanced Seebeck coefficient. Although the electrical conductivity was moderately reduced, due to the enhanced Seebeck coefficient and reduced thermal conductivity in the Bi 2 Te 3 -Bi 2 Te 2.7 Se 0.3 heterostructure, the overall power factor and the figure of merit were enhanced to approximately 1.17.
Enhancing the carrier mobility (μ) through modulation doping
Modulation doping had been first studied in semiconductor heterostructure devices. It was referred to as the enhancement of carrier mobility due to the spatially inhomogeneous doping. Modulation doping has been widely used in 2D semiconductor heterostructure devices. While in a nanocomposite, similar 3D modulation doping can also work. One example in traditional solid-state synthesis was BiAgSbSe doped with BiCl 3 [6] . The chlorine dopant was not uniformly distributed into the grains. There were both heavily doped and lightly doped regions. Between these grains, the modulation doping effect would work. One can imagine that by controlling the sintering condition, the limited diffusion and dissolution of the minor phase of an NHS into the major phase will create such a nanocomposite with multiple regions differently doped. Then a modulation doping mechanism can play a role to enhance the carrier mobility in this thermoelectric nanocomposite.
Reducing thermal conductivity (κ)

Alloying
Alloying will induce mass disorder and scatter the phonon at the length scale of several angstroms (atomic scale). It has been long studied since Callaway's theoretical work in the 1960s [27] . Taking Bi x Sb 2−x Te 3 as an example, the lattice thermal conductivity can be expressed as [28] 
in which ω, v, and τ stand for the vibration frequency, phonon group velocity, and scattering rate, respectively. k and ν specify the phonon wave vector and the dispersion branch.
The total scattering rate (  ( , ) k ) can be expressed as a sum of several typical scattering processes
where anh, mass, coupl, DC, DS, and b denote the Nano Res. 2017, 10(5): 1498-1509 phonon-phonon, mass disorder, coupling between phonon-phonon and mass-disorder, dislocation core, dislocation strain, and grain boundary process, respectively. The scattering rate of mass disorder can be expressed as follows
where α is the atomic percentage, M is the atomic mass, and DOS is the phonon density of states. If α Bi = 1 (α Sb = 1, no alloying), then g mass = 0. If α Bi = 50% (α Sb = 50%), then g mass = 0.0691. This enlarged g mass will reduce the 1/τ mass and then 1/τ total , reducing the lattice thermal conductivity. Similar to doping, alloying can happen when hightemperature processing is performed in an NHS. Taking PbTe-PbS [29] as an example, partial alloying was revealed from the high-resolution TEM (HRTEM) (Figs. 3(a)-3(c) ) and XRD peaks (Fig. 3(d) ). The thermal conductivity of the PbTe-PbS NHS was prominently lower than that of pure PbTe or PbS (Figs. 3(e) and  3(f) ). The author proposed that it was attributed to two possible factors: One was the partial alloying of PbTe and PbS, although the solubility limit of PbS in PbTe is only approximately 5 at.%; the other one was the enhanced phonon scattering at the grain boundary between PbTe and PbS.
Phonon scattering at nanograin boundaries
As the grains of each component are of nanosizes, 
where D is the grain size and F is the surface roughness factor and it is usually 1. As D decreases, 1/τ b will increase and so will 1/τ total , reducing κ l . Furthermore, when more than two phases exist, the minor phase may exist as an inclusion and this serves as an additional scattering center for phonon transport. The rationale of the nanoinclusion-induced scattering of phonons had been discussed in a series of theoretical work [30] . The scattering rate of nanoinclusion scattering is expressed as
where v is the phonon group velocity and ρ is the density of nanoparticles. The cross-section limits of short-wavelength (s) and long-wavelength (l) scattering regimes are σ s = 2πR 2 and σ l = (4/9)πR
Here R is the radius of nanoinclusion, ΔD is the difference between the density of the inclusion and matrix material, and D is the matrix density. Based on this equation, we can speculate that by increasing the density of a nanoparticle, the difference between nanoinclusion and the matrix phase and the radius of the nanoparticle, the phonon scattering by nanoinclusion can be enhanced. Wu [26] , and PbTe-PbS [29] NHSs.
Porosity
One factor that can contribute to lowering thermal conductivity yet is commonly neglected in nanocomposites is porosity. Some theoretical work debated that although porosity can prominently reduce the lattice thermal conductivity (the surface of the pore can serve as an additional scattering site for phonons) and enhance the Seebeck coefficient (interfacial energyfiltering effect), electron mobility will be severely impaired (due to the charge carrier scattering at the boundary of pores), with the overall ZT often decreased. However, recently considerable experimental work revealed that porosity indeed might enhance the figure of merit. Taking the Bi 2 Te 3 nanoplate as an example [32] , the room temperature pressed nanopowder had a relative density of approximately 40%. Sintering at 200 °C would increase this value to 82% and it is 93% for 325 °C . The 200 °C -sintered sample showed only 40% of the electrical conductivity as compared with the 325 °C -sintered sample. The total power factor of the 82%-relative-density sample was only 40% that of the 93%-relative-density sample. Nonetheless, the lattice thermal conductivity of the 82%-relative-density sample was reduced to 40% of the 93%-relative-density sample and the electronic thermal conductivity was also much lower than that of the 93%-relative-density sample. Resultantly, the overall ZT of the more porous (200 °C -sintered) Bi 2 Te 3 nanocomposite was even higher than that of the denser one (325 °C ).
In the case of Wu et al.'s PbTe-Bi 2 Te 3 nanocomposite [31] , the authors found that κ l is significantly diminished due to porosity and they had performed a detailed theoretical modeling on this effect. According to the effective-media theorem, κ l = κ l,0 * (1  P) 3/2 , where P is estimated from the relative density as P = 1  ρ/ρ 0 and κ l,0 is the lattice thermal conductivity of the imagined material with no porosity. This formula indicates that κ l can be reduced exponentially with relative density, explaining the extremely low thermal conductivity of the porous PbTe-Bi 2 Te 3 nanocomposite.
Decoupling power factor and thermal conductivity by incorporating phase-transition material into nanowire heterostructure
To maximize the thermoelectric figure of merit of a material, a large power factor and a low thermal conductivity are desirable. However, many conflicting material parameters mentioned in the above discussion can affect power factor and thermal conductivity at the same time. For example, increasing carrier mobility will enhance electrical conductivity while also increasing electrical thermal conductivity. One way to decouple power factor and thermal conductivity is to incorporate a phase-transition material into a nanowire heterostructure. In 2012, Liu et al. reported a ZT of 1.5 at 1,000 K in Cu 2-x Se [7] . Cu 2-x Se undergoes a phase transition as the temperature is varied. The Se atoms piled into a face-centered cubic lattice while copper ions became superionic with liquid-like mobility. During the phase transition, the enhanced phonon interface scattering between layered Se atoms and liquid-like copper ions would decrease the lattice thermal conductivity. Furthermore, at high temperatures, Cu 2-x Se showed an ion liquid-like behavior and reduced specific heat close to 2Nκ B (theoretical value in liquid), where N is the number of particles and κ B is the Boltzmann constant, which can further diminish thermal conductivity. At the same time, ionic conductivities keep the electrical conductivity as high as those of the other state-of-the-art thermoelectric materials. Yu et al. also achieved a ZT of 1.6 at 1,000 K in Cu 2 Se in the same year [33] . These two independent papers presented a new direction for thermoelectric materials discovery. Since then, phase-transition materials have attracted increasing attention and have been extensively studied. Inspired by these discoveries, we explored the lead telluride-copper telluride thermoelectric nanowire heterostructure.
As shown in Fig. 5(a) , the PbTe-Cu 1.75 Te nanowire heterostructures are synthesized through a three-step reaction. To obtain the nanowire heterostructures, tellurium nanowires are synthesized first, followed by the growth of PbTe nanocubes at the two ends of the Te nanowires. Lastly, the remaining Te is converted into Cu 1.75 Te. The PbTe-Cu 1.75 Te nanowire heterostructures are first analyzed by XRD. Figure 1(b) Nano Res. 2017, 10(5): 1498-1509 presents the XRD patterns of the products from each step. After the first step, the XRD pattern of the product (Fig. 5(b) top) can be readily indexed to the pure hexagonal Te-phase (JCPDS #36-1452). After the second step, another set of peaks corresponding to the altaite PbTe (JCPDS #38-1435) appears in addition to the Te peaks, indicating the formation of PbTe. After the final step, all the Te peaks are replaced by the hexagonal Cu 1.75 Te peaks (JCPDS #45-1287) in the XRD pattern (Fig. 5(b) bottom) , which indicates the complete transformation of Te into Cu 1.75 Te.
The success of our synthesis strategy can be further confirmed by the TEM. As shown in Fig. 6(a) , the Te nanowires synthesized in the first step have an average length of 1,436 ± 63 nm and an average diameter of 18.4 ± 1.1 nm. The HRTEM of the Te nanowires ( Fig. 6(b) ) and its fast Fourier transform (FFT, Fig. 6(c) ) indicate that Te nanowires are single crystalline with the axial direction of (001). A low-resolution TEM picture of PbTe-Te is shown in Fig. 6(d) with an average diameter for Te nanowire of 19.5 ± 1.8 nm and the average length reaches 1,495 ± 57 nm. The HRTEM of the wire part (Fig. 6(e) ) and its FFT (Fig. 6(g) ) indicate the wire is still single crystalline Te. The HRTEM of the head part (Fig. 6(f) ) and its FFT (Fig. 6(h) ) are indexed to single crystalline altaite PbTe with a growth direction along (220). After the final step, straight Te nanowires are converted into curved Cu 1.75 Te nanowires and the average diameter of the wire part is increased to 22.2 ± 1.8 nm. Furthermore, the HRTEM of the wire part (Fig. 6(j) ) and its FFT (Fig. 6(l) ) can be indexed to single crystalline Cu 1.75 Te while the HRTEM of the head part (Fig. 6(k) ) and its FFT (Fig. 6(m) ) shows that it is still PbTe. The energy dispersive X-ray spectroscopy (EDS, Fig. 7 ) elemental mapping image clearly confirms the dumbbell structure. The wire part only contains copper and tellurium elements while the lead element is concentrated in the head part that wraps and covers the tips of the Cu 1.75 Te wire. Figure 8 shows the specific heat capacity of Cu 1.75 Te nanowire powder and the in situ TEM study of a single Cu 1.75 Te nanowire. In Fig. 8(a) , an endothermic peak occurs at 174 °C , which may denote a phase transition. The in situ HRTEM experiment further confirms the above hypothesis. The diffraction pattern in Fig. 8(b) can be indexed to hexagonal Cu 1.75 Te at 178 °C (set temperature is 200 °C ). When the temperature is increased to 245 °C (Fig. 8(c) ), the hexagonal diffraction pattern coexists with the cubic diffraction pattern. With the temperature gradually increased to 321 °C ( Fig. 8(d) ; set temperature is 300 °C ), the hexagonal diffraction pattern vanishes and only the cubic diffraction pattern exists. Therefore, the Cu 1.75 Te nanowire undergoes a phase transition at approximately 174 °C and during the heating process, the hexagonal-phase Cu 1.75 Te turns into a cubic-phase Cu 1.75 Te.
Conclusion and perspectives
The use of NHSs in thermoelectrics is an emerging and promising application. Recently, progress has been achieved in tuning the carrier concentration and using the energy-filtering effect to enhance the power factor. Meanwhile, alloying, nanostructuring, and porosity can reduce the lattice thermal conductivity. Synergistically, the figure of merit, ZT, can be improved in these NHS-based materials. By incorporating phasetransition materials, such as Cu 2−x Se and Cu 2−x Te, into NHSs, the power factor and the thermal conductivity can be decoupled, to achieve intrinsically lower thermal conductivity due to the liquid-like mobility of Cu, further optimizing the figure of merit. Presently, most of these NHS materials cannot be synthesized in a large scale. The present method adopted to sinter a Nano Res. 2017, 10(5): 1498-1509 nanocomposite disk is to produce multiple batches of same-quality materials and collect them together; this method is laborious and time consuming. One possible solution is to develop a large-scale synthesis method for NHS materials. Another obstacle is that, during the consolidating step, sintering NHS materials together is difficult because of the different thermal stress coefficients of the multiple materials. Therefore, selecting materials with similar thermal stress coefficients for thermoelectric applications during the design step is helpful. However, the reported thermoelectric NHSs are usually based on canonical telluride compounds, especially for Bi 2 Te 3 and PbTe. Apart from the telluride-based NHSs, selenide-and sulfide-based ones may be considered, since Te is much more scarce and expensive than Se and S. Various solution-synthesized selenide and sulfide NHSs have been proposed [18, 19] since the seminal work of Murray et al. [34] on monodisperse metal chalcogenide nanocrystals. We anticipate that by using these selenide and sulfide NHSs as building blocks, thermoelectric materials with high efficiency, low material cost and low toxicity can be fabricated, facilitating the use of thermoelectrics in broader applications.
